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Introduction
The development of magnesium alloys for biomedical applications is currently under the scientific spotlight. Magnesium alloys have advantages over traditional metallic materials, polymers and ceramics. For example, magnesium alloys have low density (1.74 -2.0 g/cm 3 ) and the elastic modulus is about 41 -45 GPa, which is much lower M A N U S C R I P T
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2 than other traditional metallic biomaterials, such as titanium alloys (110 -117 GPa) and stainless steel (205 -210 GPa), which is important for avoiding stress shielding.
Magnesium alloys are superior to polymers and ceramics in load bearing applications because of their better mechanical properties and fracture toughness. Magnesium is the fourth most abundant cation in the human body and is much involved in the human metabolism and biological mechanisms [1] . In vivo observation of implanted magnesium shows significantly increased bone volume closely formed around the magnesium, indicating good biodegradability [2] . The development of magnesium alloys provides more possibilities for the implants in both un-loaded and loaded applications, such as biodegradable stents [3] , screws [4] and intramedullary nails [5] .
Although magnesium alloys possess many advantages, their main limitation as biomedical materials is their too high corrosion rate because of their reactive nature (a highly negative standard electrode potential of -2.34 V [6] ). Especially, they corrode too quickly in a containing solution including human body fluid or blood plasma.
Moreover, magnesium alloys are easily attacked by galvanic corrosion. Thus, in order to control the corrosion rate of magnesium alloys, the microstructure -bio-corrosion rate relationship needs to be known.
Zinc is recognized as one of the most abundant and nutritionally essential elements in the human body and therefore is safe for biomedical applications. Zn is beneficial in increasing the tolerance limits of impurities and thus improves the corrosion resistance of magnesium alloys [7, 8] . Also, Zn can improve both the castability (although a high zinc content may cause hot-cracking and microporosity during solidification) and the strength of the alloy. Ca is a major component in human bone and is an important element in cell signalling; released ions are beneficial for bone healing [9] . Ca has a low density (1.55 g/cm 3 ), which endues the alloy system with a lower density. A high content of Ca is not acceptable because the alloy becomes brittle. Thus, in this work, Zn and Ca have been chosen, set at 3 wt% and 0.3 wt%, respectively. A recent study in the group has shown the effect of very fine precipitates on the bio-corrosion
performance in Mg-3Zn alloy [10] . [12] and pure titanium [13] . Ralston [14] demonstrated that the corrosion rate decreases linearly with decreasing grain size in some metallic alloys.
Recent researches indicated that the sole influence of secondary phase on the corrosion rate of magnesium alloys [15] [16] [17] . The effects of Mg 17 Al 12 (β phase) on the corrosion behaviour of AZ91 alloys have been reported: it can act as either a galvanic cathode and accelerates the corrosion rate, or a corrosion barrier and retards the development of corrosion, which depends on the amount and distribution of the β phase [18, 19] . Magnesium alloys often show different grain size and volume fraction of secondary phases after heat treatments. The corrosion behaviour depends dramatically on these two factors. The works to date have only studied either the relationship between the grain size and the degradation rate or the effects of second phase on degradation rate. However, the combination of secondary phase and grain size in magnesium alloys remains largely unstudied.
In this study, heat treatment was used to modify the grain size and volume fraction of secondary phases without introducing other significant microstructural alteration (such as texture and internal stress). The effect of the volume fraction of secondary phase and of grain size on the resulting bio-corrosion rate of Mg-3Zn-0.3Ca alloy in simulated body fluid (SBF) was then studied.
Material and Methods
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Material preparation
Pure magnesium (99.95 wt%), a master alloy (Mg-30 wt% Ca) and pure zinc (99.99 wt%) were used to prepare the alloy. The whole procedure, including melting and casting, was performed in a vacuum induction furnace backfilled with high purity Ar for protection. The chemical composition of the alloy was analyzed with a Rigaku NEX-CG XRF system, to be (in wt%): Zn -2.97, Ca -0.33, Si -< 0.0001, Fe -0.004, Cu -< 0.0001, Ni -< 0.0001, Mg -Balance. The as-cast alloy was solution treated at temperatures ranging from 310 to 450 for 24 h and 48 h, followed by water quenching.
Microstructure
The metallography specimens were polished down to 0.25 μm and then etched in a solution containing 50 ml distilled water, 150 ml ethanol and 1 ml acetic acid.
Microstructural observation was carried out using an optical microscope (Zeiss Axioskop) and a scanning electron microscope (Philips XL30 and JEOL JSM-7000F).
The grain size was measured using the image analyzer (Axio Vision 4.6.3) based on the Zeiss microscope. Image J was used to analyse the phase volume fraction.
Immersion test
The immersion test was carried out in Kokubo's simulated body fluid (SBF) [20] at 37 for up to 10 days. The SBF solution was renewed every 24 h in order to maintain a relatively stable immersion environment. The ratio of SBF volume to sample surface area was 100 mL/cm 2 . Samples with dimensions 10 mm ×10 mm ×2 mm were polished down to a surface finish of 1 μm. Three measurements were taken under each condition.
The degradation rate was calculated from the volume of hydrogen generated (hydrogen evolution method [21, 22] ). The set-up for measuring the hydrogen evolved is shown in Figure 1 . Hydrogen bubbles generated from the soaked sample were collected into a measuring cylinder. The amount of hydrogen can be measured from the height difference of the SBF solution in the measuring cylinder. The evolution of one
mole of hydrogen gas corresponds to the dissolution of one mole of magnesium metal, according to the reaction ( ). Thus, the degradation rate of magnesium can by monitored over time via the emitted hydrogen.
After the immersion testing, the soaked specimens were taken out, gently rinsed in deionized water and dried with cool air. The corrosion products were then chemically removed by dipping in 180 g/L CrO 3 solution for 3 mins. 
Electrochemical test
The samples were mounted in epoxy resin with an exposed area of 1 cm 2 and then polished down to 1 µm. The electrochemical test was carried out at 37 in a beaker containing 100 mL of SBF solution and a standard three-electrode configuration (platinum mesh as counter, saturated calomel as reference and the alloy as working electrode). The working electrode was firstly immersed in SBF for 60 min to measure its Open Circuit Potential (OCP) and then the polarization curve was acquired at a scanning rate of 1 mV/s. The polarization curve was started at a fixed value (50 mV above the OCP) and stopped about -500 mV relative to OCP. Three tests were performed for each sample condition to investigate the reproducibility of the results.
Results and discussion
Microstructure
As can be seen in Figure 2( In Figure 3 (a), the globular particle has alternating bright and dark regions. The composition of these precipitates was found to be 60. [23] . The crystal structure of the phase was confirmed by electron diffraction (Figure 3 (b) ). The electron diffraction patterns recorded from the dark part of globular particle are consistent with a trigonal unit cell (a=0.97 nm, c=1.0 nm, α=90°, β=90°, γ=120°), reported for the Ca 2 Mg 6 Zn 3 structure [23] . This globular particle is therefore the eutectic (Mg + Ca 2 Mg 6 Zn 3 )
product. Figure 5 shows the microstructure of the alloy after different heat treatments. In the as-cast sample, as shown in Figure 5 (a) , the dendrite structure is evident. After the treatment at 310 for 24 h, the grain size increases ( Figure 5 (b) ). After the treatment at 360 for 24 h, the dendrites disappeared ( Figure 5 (c) ). The grain size of the sample treated at 400 for 24 h has increased further ( Figure 5 (d) ). In Figure 5 (e-h), the grain size increases rapidly with the treatment temperature and time and the amount of the grain boundary secondary phase and the spherical particles reduced. Table 1 summarises the microstructure characteristics of MZX30 after the various solution 
Influence of heat treatment on degradation rate
The degradation rates of the alloy after heat treatment are shown in Figure 6 . In order to display the data clearly, the tolerances are not given in the figure (the maximum tolerance is 0.12). After heat treatment, the corrosion resistance of the alloy has Figure 7 shows the corrosion morphologies of the alloy after the immersion test. As can be seen in Figure 7 (a), the as-cast sample suffered obvious local corrosion attack (pitting), as indicated by the arrows. After heat treatment, the sample shows a smoother corroded surface with fewer pits, as can be seen in Figures 7(b-d) . The 310 /24 h treated sample displays less eutectic product and therefore the micro-galvanic corrosion weakens (Figure 7(b) ). The sample after 420 /24 h treated sample exhibits a lower density and depth of corrosion pits (Figure 7 (e)) and shows the best corrosion resistance. In the 420 /48 h, 450 /24 h and 450 /48 h treated samples ( Figures 7(f-h) ), a number of tiny corrosion pits on the alloy surface are visible and more corrosion attack occurs in the matrix. 
Effects of microstructure on degradation
The volume fraction of the secondary phase and the grain size in the alloy change with heat treatment, as summarised in Table 1 . Figure 10 illustrates the variation of the degradation rate with secondary phase volume fraction and grain size. Each data point presents a measurement of the volume fraction of secondary phase, grain size and the corresponding degradation rate. Figure 10 (a) is a plot which combines the effect of both the grain size and the secondary phase volume fraction.
The bio-corrosion rate of this alloy is a function of its grain size and the volume fraction of secondary phase. The amount of secondary phase has been reported to have an obvious impact on the corrosion rate. For instance, increases with an increased density of intermetallic particles [24] . Obviously, the grain boundary secondary phase observed in the current alloys also causes severe galvanic corrosion attack. A homogeneous microstructure without secondary phase is beneficial to corrosion resistance [24] . Grain size affects the corrosion performance of materials.
The bio-corrosion rate increases with increasing grain size in the alloy at the higher treatment temperatures (after 420 /24 h). It has also been reported [11, 25, 26 ] that small grain size is beneficial to the corrosion resistance. The corrosion behaviour is more homogeneous in a fine-grained microstructure because segregation is minimized.
As shown schematically in Figure 10 (b), when the grain size and the secondary phase volume faction are both taken into consideration, the combined effect could be like that indicated by the solid curve. Although the as-cast sample has the smallest grain size in the current study, the secondary phase volume fraction is the largest which has clearly overshadowed the beneficial effect of fine grain size on the corrosion performance. While the high temperature heat treated sample has the lowest secondary phase volume fraction, the large grain size of the alloy dominates, such that the corrosion rate is high. The best corrosion performance can be obtained with a balanced grain size and secondary phase volume fraction. 
A C C E P T E D
Conclusions
As-cast Mg-3Zn-0.3Ca consists of Mg and (Mg + Ca 2 Mg 6 Zn 3 ) eutectic phase (globular and strip shaped). The degradation rate of the alloy changes after different heat treatments. The volume fraction of secondary phases and grain size are both key factors controlling the bio-corrosion rate of the alloy. The sample with the smallest grain size but the largest secondary phase volume fraction has the largest corrosion rate, because the secondary phase causes the galvanic corrosion which overshadows the beneficial effect of fine grain size. The sample with the lowest secondary phase volume fraction but the largest grain size also has a high corrosion rate is because the large grain size dominates (corrosion rate increases as grain size). The minimum corrosion rate was observed in the alloy heat-treated at 420 o C for 24 h which has a balanced secondary phase volume fraction and grain size.
